We investigate the flavor decomposition of the electromagnetic form factors of the nucleon, based on the chiral quark-soliton model with symmetry-conserving quantization. We consider the rotational 1/Nc and linear strange-quark mass (ms) corrections. To extend the results to higher momentum transfer, we take into account the kinematical relativistic effects. We discuss the results of the flavor-decomposed electromagnetic form factors in comparison with the recent experimental data. In order to see the effects of the strange quark, we compare the SU(3) results with those of SU(2). We finally discuss the transverse charge densities for both unpolarized and polarized nucleons.
I. INTRODUCTION
Electromagnetic form factors (EMFFs) are the most fundamental observables that reveal the charge and magnetization structures of the nucleon. A series of recent measurements of the EMFFs has renewed the understanding of the internal structure of the nucleon and has posed fundamental questions about its nonperturbative nature. The results of the ratio of the proton EMFFs, µ p G p E /G p M with the proton magnetic moment µ p , obtained by measuring the transverse and longitudinal recoil proton polarizations [1] [2] [3] [4] [5] [6] [7] [8] , were found to decrease almost linearly as Q 2 increases for Q 2 > 1 (GeV/c) 2 . These results were in conflict with most previous measurements of the proton EMFFs from unpolarized electron-proton cross sections based on the Rosenbluth separation method [9] . These new experimental results have triggered subsequent theoretical and experimental works (see, for example, recent reviews [10] [11] [12] [13] [14] ). This discrepancy is partially explained by the effects of two-photon exchange, which affect unpolarized electron-proton scattering at higher Q 2 but have less influence on the polarization measurements [15] [16] [17] [18] [19] [20] . Moreover, the new experimental results of the proton EMFFs in a wider range of Q 2 provided a whole new perspective on the internal quark-gluon structure of the nucleon. Perturbative quantum chromodynamics (pQCD) with factorization schemes [21] A similar discrepancy between the experimental data and pQCD was also found in the γγ * → π transition form factor [22, 23] even for higher Q 2 . The neutron EMFFs were also measured by various experiments with higher precision [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] .
Assuming isospin and charge symmetries, neglecting the strangeness in the nucleon, and using both the experimental data for the proton and neutron EMFFs, Cates et al. [35] regions. Qattan and Arrington [36] elaborated the analysis of Ref. [35] , taking into account explicitly the effects of two-photon exchange and uncertainties on the proton form factor and the neutron magnetic FFs. They found that the ratio of the up-quark EMFFs (G u E /G u M ) has a roughly linear drop-off, while that of the down-quark EMFFs (
showed a completely different dependence on Q 2 . As a result, for the flavor-decomposed FFs behave in a different way from the proton EMFFs. It was also pointed out in Ref. [36] that theoretical descriptions of the flavor-decomposed FFs seem nontrivial [38] [39] [40] [41] .
Being motivated by these recent experimental works, we want to investigate the flavor structure of the nucleon EMFFs within the framework of the self-consistent SU(3) chiral quark-soliton model (χQSM) [42] [43] [44] . The χQSM has described successfully various observables of the baryon octet and decuplet: mass splittings [45] [46] [47] , form factors [48] [49] [50] [51] [52] [53] [54] [55] , magnetic moments [56] [57] [58] , hyperon semileptonic decays [59] [60] [61] , ∆ → N γ transitions [62] [63] [64] , transversities of the nucleon [65] [66] [67] [68] [69] [70] , and parton distributions [71] [72] [73] [74] [75] [76] [77] [78] including generalized parton distributions (GPDs) (see the following reviews [79] [80] [81] and references therein for more details). In particular, the Q 2 dependence of almost all form factors is well reproduced within the χQSM, so that the strange-quark EMFFs [54] and the parity-violating (PV) asymmetries of polarized electron-proton scattering [53] , which require nine different FFs (six EMFFs and three axial-vector FFs) with the same set of parameters, are in good agreement with experimental data [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] . Thus, it is worthwhile to examine the flavor structure of the nucleon EMFFs in detail. As mentioned, the nucleon EMFFs were already studied in the SU(3) χQSM [48] . However, Prasza lowicz et al. pointed out that the Gell-Mann-Nishijima relation was slightly broken in the old version of the χQSM and proposed the symmetry-conserving quantization that makes the Gell-Mann-Nishijima relation well satisfied [92] .
In this work, we present the results of the flavor-decomposed up-and down-quark EMFFs based on the SU(3) χQSM with symmetry-conserving quantization employed. We first show the Dirac and Pauli FFs of the nucleon and then examine the Q 2 dependence of the up-and down-quark Dirac and Pauli FFs. The ratio of the flavor-decomposed Dirac and Pauli FFs will be discussed, compared with the recent experimental data [36] . We also reexamine the results of the strange EMFFs, since there are new experimental data from PV polarized electron-nucleon scattering. In particular, the G0 collaboration recently measured the paritiy-violating asymmetries in the backward angle [88] , which was first predicted in Ref. [53] .
In addition to the flavor decomposed EMFFs of the nucleon, we also investigate the charge and magnetization densities of the quark in a nucleon in the transverse plane. Together with the new experimental data for the nucleon EMFFs, the nucleon GPDs cast light on the concept of nucleon FFs [93] [94] [95] [96] . In particular, they allow one to get access to the parton distributions in the transverse plane [97] [98] [99] . The nucleon EMFFs are directly related to the transverse charge and magnetization distributions of the quark inside a nucleon, as viewed from a light-front moving towards a transversely polarized nucleon [100, 101] . In fact, the transverse spin densities of the quarks inside a nucleon have been already studied in the χQSM [70] and the results were in qualitative agreement with those of lattice QCD [102] .
The present results of the transverse charge and magnetization densities are also found to be in good agreement with the empirical data extracted from the data.
The present work is sketched as follows. In Section II, we briefly explain the general formalism of the EMFFs of the nucleon and its flavor decomposition. In Section III, we show how to compute the EMFFs of the nucleon within the framework of the SU(3) χQSM. In Section IV, we discuss the results of the flavor-decomposed FFs and their physical implications in comparison with the recent experimental data. We also present those of the transverse charge and magnetic distributions of the quark inside a nucleon. The final Section is devoted to summary and conclusion.
II. GENERAL FORMALISM
The matrix element of a flavor vector current between the two nucleon states is expressed in terms of the flavor Dirac and Pauli FFs
where J χ µ (0) represents the flavor vector current defined as
χ denotes the flavor index, i.e. χ = 0, 3, 8 for the flavor decomposition. Here, one has to bear in mind that λ 0 is considered to be a unity flavor matrix. Thus, the normalization {λ a , λ b } = 2δ ab for λ χ applies only to the Gell-Mann matrices with χ = 3 and χ = 8. γ µ is the Dirac matrices and u N (p, s) the Dirac spinor for the nucleon with mass M N , momentum p and the third component of its spin s. σ µν is the spin operator i[γ µ , γ ν ]/2. q 2 stands for the square of the four momentum transfer q 2 = −Q 2 with Q 2 > 0. The flavor Dirac and Pauli FFs can be written in terms of the Sachs vector FFs, i.e., G
In the Breit frame, the Sachs-type form factors G χ E (Q 2 ) and G χ M (Q 2 ) are related to the time and space components of the flavor vector current, respectively:
where σ j stand for Pauli spin matrices. The |λ is the corresponding spin state of the nucleon. In SU(3) flavor the nucleon EMFFs are expressed in terms of the triplet and octet vector form factors
while in flavor SU(2) they are expressed as
Although the same notation is used for the form factors, it will always follow from the context which flavor case is being addressed.
III. ELECTROMAGNETIC FORM FACTORS IN THE CHIRAL QUARK-SOLITON MODEL
The matrix element given in Eq. (4) can be evaluated in the SU(3) χQSM. The model starts from the following low-energy effective partition function in Euclidean space
where ψ and U denote the quark and pseudo-Goldstone boson fields, respectively. Having integrated out the quark fields, we get the effective chiral action S eff given as
where Tr represents the functional trace, N c the number of colors, and D(U ) the Dirac differential operator
In the present work we assume isospin symmetry, so that the current quark mass matrix is defined asm = diag(m, m, m s ) = m + δm. The mass δm containing the strange current quark mass m s will be treated as a perturbation. The SU(3) single-quark Hamiltonian h(U ) is expressed as
where U γ5 stands for the chiral field for which we assume Witten's embedding of the SU(2) soliton into SU(3)
with the SU(2) pion field π i (x) as
The integration over the pion field U in Eq. (7) can be performed by the saddle-point approximation in the large N c limit due to the N c factor in Eq. (8) . The SU(2) pion field U is written as the most symmetric hedgehog form
where P (r) is the radial profile function of the soliton. The nucleon state |N (p, s) in Eq. (1) is defined as an Ioffe-type current consisting of N c valence quarks in the χQSM:
with
where the matrix Γ 8), we derive an equation of motion which is solved self-consistently with respect to the function P (r) in Eq. (14) . The corresponding unique solution U c is called the classical chiral soliton.
The next step is to quantize the classical soliton. This can be done by quantizing the rotational and translational zero-modes of the soliton. The rotations and translations of the soliton are implemented by
where A(t) denotes a time-dependent SU(3) matrix and z(t) stands for the time-dependent translation of the center of mass of the soliton in coordinate space. The rotational velocity of the soliton Ω(t) is defined as
Treating Ω(t) and δm perturbatively with a slowly rotating soliton assumed and with δm regarded as a small parameter, we obtain the collective Hamiltonian of the χQSM [47] expressed as
Diagonalizing the collective Hamiltonian, we find the octet baryon states
where c 10 and c 27 are mixing parameters expressed as
and α and γ represent the effects of SU(3) symmetry breaking written as
The moments of inertia I 1 ,I 2 and K 1 , K 2 can be found, for example, in Ref. [47, 80] . Note that the nucleon state is no more a pure octet state but is a state mixed with higher representations as shown in Eq. (22) . A detailed formalism for the zero-mode quantization can be found in Refs. [47, 48, 80] .
IV. RESULTS AND DISCUSSION
In this Section, we present and discuss the results. In Refs. [48, 80] , one can find a detailed description as to how the form factors can be obtained numerically. We briefly summarize it here before we discuss the numerical results. The parameters existing in the model are the constituent quark mass, the current quark mass m, strange quark mass m s , and the cutoff mass Λ of the proper-time regularization. However, not all of them are free parameters but can be fixed in the mesonic sector without any ambiguity. In fact, this is a merit of the χQSM in which mesons and baryons can be treated on an equal footing. For a given M the regularization cut-off parameter Λ and the current quark mass m in the Lagrangian are fixed to the pion decay constant f π = 93 MeV and the physical pion mass m π = 140 MeV, respectively. The strange current quark mass is taken to be m s = 180 MeV which approximately reproduces the kaon mass. Though the constituent quark mass M can be regarded as a free parameter, it is also more or less fixed. The experimental proton electric charge radius is best reproduced in the χQSM with the constituent quark mass M = 420 MeV. Moreover, the value of 420 MeV is known to yield the best fit to many baryonic observables [80] . Thus, all the numerical results in the present work are obtained with this value of M .
All the results presented in the following were computed completely within the model, in the same level of approximation, to keep consistency. In particular, magnetization observables are presented not in terms of nucleon magneton but, instead, in terms of the model nuclear magneton, i.e. defined as the model value for the nucleon mass, which, at this level of approximation used in this work, is
This value is not corrected from a spurious center of mass motion stemming from the mean field approach. Although it is possible to correct such contributions and obtain a nucleon mass close to its experimental value, such corrections are not applied to the form factors in the following.
A. Sachs EM form factors
The Sachs EM form factors [115, 116] are the most common form to encompass information about the electromagnetic structure of the nucleon. On the one hand, these form factors make it possible to express the cross section for elastic electron-proton scattering in the one-photon exchange approximation, without mixed terms (G E G M ) in a form suitable for the separation of the electric and magnetic form factors. That is not the case when the cross section is expressed in terms of the Dirac and Pauli form factors (1) , where the mixed terms (F 1 F 2 ) occur. Even with the more recent polarization transfer methods [118] , the measured ratio between the longitudinal and transverse polarization components is expressed in terms of the Sachs form factors ratio µG E /G M .
On the other hand, the Sachs form factors have the appeal that in the Breit frame they may be apparently interpreted as the Fourier transform of the charge and magnetization distributions inside the nucleon. Such expectation comes from the fact that in the Breit frame the proton does not exchange energy with the virtual photon with momentum (0, q). At a specific space-like Q 2 = −q 2 < 0 invariant momentum transfer, the time and space components of the electromagnetic current, associated with the electric and magnetic form factors respectively, resemble the classical non-relativistic current density. Hence the Sachs EM form factors are directly related to the charge and magnetization distributions by the Fourier transform. However, these relations are supposedly non-relativistic in nature due to the Q 2 dependence of the Breit-frame. Both the preceding features of the Sachs form factors are currently under scrutiny, as mentioned in Introduction. Discrepancies in the experimental results from the elastic ep cross section and polarization transfer studies called for the inclusion of new aspects of elastic electron proton scattering, such as the two-photon exchange [19] . The connection between form factors and densities, even apart from the non-relativistic limitation, has also been revised on general grounds [100, 105] .
The electromagnetic form factors computed in the χQSM are obtained as Fourier transforms of the charge and magnetization densities derived from the model. These densities are obtained in the rest frame of the nucleon and, therefore, the validity of the results for the form factors is restricted to small momentum transfers
Improving this situation by taking into account relativistic boost effects explicitly in the model has proven to be rather difficult. However, we will adopt the simple prescription of treating the form factors as Lorentz scalars so that we can gain insight into the impact of such effects on the EM form factors from the model.
In the Breit frame the initial nucleon state has three-momentum −q B /2 and the final state has three-momentum q B /2. Since there is no transfer of energy, the invariant four-momentum transfer can be written as q
In the reference frame in which the nucleon is initially at rest, where the exchanged photon four-momentum is (ω, q), the space-like invariant momentum transfer Q 2 = q 2 − ω 2 is given as
which contains the Lorentz-boost factor γ relating the rest to the Breit-frame
It is then possible to write for the form factors
with the Lorentz contraction effects considered. In the following, the results for the Sachs EM form factors of the nucleon obtained directly from the χQSM will have no special designation and those yielded from Eq. 29 will be distinguished by the superscript 'rel'. It is worth emphasizing that M entering Eq. (27) is not a parameter, but it is given by Eq. (25), i.e. it is the mass of the nucleon obtained from the model. Most of the results presented here would improve if a somewhat higher value of M were to be considered. However, such a high value would be hard to be justified within the model. Such improvement is easily understood by noticing both that, as most of the Figures show, the phenomenological data lie between the model results in the rest frame and the corresponding ones boosted to the Breit frame and also that the Breit frame results approach the rest frame ones as the boost mass increases.
The limitation of using the rest, center-of-mass reference frame in model calculations of form factors is common in many models of hadron structure. Similar approaches to Eq. (29) have been suggested before, mostly in the more general form
This boost prescription translates mathematically into a mapping of the domain of 2 ) = 0 and the χQSM has a normalization scale below 1 GeV, which is given by the cutoff parameter Λ, the Q −4 scaling behavior predicted by perturbative QCD is not necessarily satisfied. Hence, λ E and λ M , which do not need to be equal, may be used according to the model and the scaling behavior of the form factors. It is also possible to treat the boost mass in (27) as a parameter with the meaning of an effective mass. These approaches were taken first in a cluster quark model [119] , λ E = λ M = 1 being used. On the other hand, a later study [104] considered an improved scaling of the form factors at very large Q 2 in favor of λ E = λ M = 2. In the context of the Skyrme model [120, 121] the preferred choice was λ E = 0 and λ M = 1, based on the different Lorentz transformation of the scalar and vector densities. In a more recent work [103] , λ E = λ M = 2 was chosen in extracting the charge and magnetization densities from the Sachs EM form factors. In this work, we select λ E = λ M = 0, which improves much the form factors with regards to the experimental values. At the same time, since the model aims at the low Q 2 behavior of form factors, there is no reason to force the high Q 2 behavior by choosing higher values for λ. for those boosted to the Breit frame. The interval chosen allows one to observe the trend for higher Q 2 values, as well as that of the phenomenological data against the expected scaling behavior. We note that the model results do not necessarily have any predictability regarding the onset of the scaling. In Fig. 1 , we draw the ratios of the EMFFs from the model to the corresponding dipole parameterization defined as
with Λ 2 D = 0.71 GeV 2 . The phenomenological data shown in Fig 1 are taken from the two analyses [18, 36] in which the Sachs EMFFs were consistently extracted from the cross section of elastic electron-proton scattering and the polarization transfer experimental data. While the proton electric FF with relativistic corrections explain the data very well, the proton magnetic one turns out to be slightly overestimated. On the other hand, the neutron electric FF deviates from the data. However, we want to mention that the neutron electric FF is rather sensitive to the soliton tail, because it is defined as the subtraction of the triplet and octet vector currents. As shown in Fig 1, the SU(3) results are rather different from those in SU(2), the reason stemming, at least partially, from the strange quark contribution to the neutron electric FF. Because of the embedding of the SU(2) soliton into SU(3) as shown in Eq. (12) , the contribution of the strange quark has the same asymptotic behavior of the nonstrange quarks. The effects due to different asymptotic tails were discussed in Ref. [50] in detail in the context of the strange vector FFs of the nucleon. Thus, in a sense, a true answer may be found between the SU(2) and the SU(3) results. The neutron magnetic FF seems to deviate from the data as Q 2 increases.
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Figure 2. [34] . Notations are the same as Fig. 1 .
The experimental data show that the ratio µ p G p E /G p M already starts to fall near Q 2 ≈ 0, which indicates that the charge and magnetization distributions are different from each other, even though their charge radii are of almost the same order. Indeed, they have distinctive features, as will be discussed later in detail. In the left panel of Fig. 2 , the results of the ratio of the proton magnetic FF to the electric FF are depicted in comparison with the experimental data from the recoil polarization experiments p( e, e p) [1-5, 7, 8, 107-111] and the experiments with a polarized target p( e, e p) [112, 113] . The experimental data indicate that G p E falls off faster than G p M . As shown in Fig. 2 , the SU(3) results can describe the general tendency of the data, whereas those of SU(2) seem overestimated, as Q 2 increase. The right panel of Fig. 2 plots the results for the ratio µ n G n E /G n M , compared with the experimental data taken from d( e, en)p [25, 27, 29, 32] and from d( e, e n)p [30, 31, 114 ] and 3 He( e, e n) scatterings [28, 34] . The general tendency of the present results are in line with the experimental data: µ n G n E /G n M increases systematically as Q 2 increases. However, the SU(2) results are slightly overestimated in comparison with the data, while the SU(3) results turn out to be smaller than the data. However, as discussed above, the electric FF of the neutron is quite sensitive to the asymptotics of the soliton tail, and thus, the difference between the SU(2) and SU(3) results may be regarded as a model uncertainty.
B. Flavor Sachs form factors
In order to decompose the proton EMFFs into the flavor ones, we need to compute the singlet vector form factors of the proton. Then, we are able to express the flavor-decomposed EMFFs of the proton in terms of the singlet, triplet, and octet FFs of the proton:
where we have suppressed the corresponding quark charge. The normalizations at Q 2 = 0 are performed with
for the proton in SU(3) and as
in flavor SU(2). 
The up magnetic FF and down electric FF are more or less well reproduced, with the relativistic effects taken into account. When they are switched off, the results deviates from the data as Q 2 increases, which is understandable. The up electric FF from the SU(3) model with the relativistic effects show qualitatively a similar feature to the data, whereas the down magnetic FFs seem to differ from them. In this case, however, it was observed that the boost mass around 1.8 GeV 2 reproduces them very well. It also improves the other FFs but as already stated the boost mass would have to be understood as an effective mass, i.e. a parameter beyond the model. Since there are no experimental data yet for the strange EMFFs, the down panels of Fig. 3 show the predictions of the present model for the strange EMFFs.
C. Dirac and Pauli form factors
The Dirac (F 1 ) and Pauli (F 2 ) FFs are expressed in terms of the Sachs EM FFs defined in Eq. (3), i.e.
where τ is given in Eq. (28) . At Q 2 = 0 these FFs have the following results:
in flavor SU(3), and
in flavor SU(2). The experimental values for the anomalous magnetic moments are given as [36, 37] . Notations are the same as in Fig. 1 .
As mentioned in Introduction, pQCD with factorization schemes [21] predicts that the nucleon Dirac FFs are scaled as 1/Q 4 . It indicates that Q 4 F 1 (Q 2 ) becomes asymptotically constant. Figure 4 shows the results for the nucleon Dirac FFs with Q 4 factor in comparison with the experimental data [35] [36] [37] . Interestingly, the Q 2 dependence of Q 4 F p 1 (Q 2 ) are well explained within the SU(2) model with the relativistic effects, while those from the corresponding SU(3) model seem slightly underestimated. As for Q 4 F n 1 (Q 2 ), the results of the SU(3) model with the relativistic effects can only describe the data. With these relativistic corrections turned off, we observe that Q 4 F 1 (Q 2 ) are quantitatively described up to (0.8 − 1) GeV 2 , which seems reasonable. The Pauli FFs show the scaling of 1/Q 6 , based on pQCD with factorization schemes [21] , being different from the Dirac FFs. In Fig. 5 , Q 6 F 2 (Q 2 ) are depicted for both the proton and the neutron. In this case, both the SU(2) and SU(3) models without the relativistic effects describe the data very well up to Q 
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Figure 6. Ratios Q 2 κ −1 F2/F1 for the proton and the neutron in the left and right panels, respectively. The experimental data are taken from those used in Fig. 2 . Notations are the same as in Fig. 1. the present results start to deviate from the data. However, those of Q 6 F 2 (Q 2 ) for both the proton and the neutron seem overestimated with the relativistic effects, compared with the experimental data.
In Fig. 6 we show the model results for the ratios
for the proton (left panel) and the neutron (right panel). The experimental data in Fig. 6 are taken from those used in Fig. 4 and in Fig. 5 . Note that the ratio of the Pauli FF to the Dirac one is related to the ratio of the EMFFs as follows:
While the qualitative tendencies of Q 2 κ N F N 2 /F N 1 are described, the results turn out to be larger than the experimental data, in particular, in the case of the proton.
D. Flavor dcomposition of the Dirac and Pauli form factors
The flavor-decomposed Dirac (F 
Note that, however, the SU(3) results are not reduced to the SU(2) ones just by merely turning off the effects of the strange quark. The normalizations of the Dirac and Pauli FFs at Q 2 = 0 are given as follows:
in flavor SU(3) and
The phenomenological values for the anomalous magnetic moments are yielded as [35] [36] [37] . Notations are the same as in Fig. 1 .
In Fig. 7 , we draw the results of with the relativistic effects describes very well the data from Ref. [35] , while it is underestimated, compared with those of Ref. [36] . However, both the SU(2) and SU (3) As shown in Fig. 7 , the Dirac and Pauli FFs for the up and down quarks exhibit different Q 2 dependencies. Thus, it is also of significant interest to examine the ratios F Fig. 9 . Interestingly, they are qualitatively similar to the experimental data, which implies that the present model yields consistently the faster falloff of the down quark FFs than that of the up quark FFs. On the other hand, as Q 2 increases, F 
E. Transverse charge densities
We are now in a position to discuss the quark transverse charge densities inside both unpolarized and polarized nucleons. The traditional charge and magnetization densities in the Breit framework are defined ambiguously because of the Lorentz contraction of the nucleon in its moving direction [98, 103] . To avoid this ambiguity one can define the quark charge densities in the transverse plane. Then, they provide essential information on how the charges and magnetizations of the quarks are distributed in the transverse plane inside the nucleon. When the nucleon is unpolarized, the quark transverse charge density is defined as the two-dimensional Fourier transform of the nucleon Dirac FFs
where b denotes the impact parameter, i.e. the distance in the transverse plane to the place where the density is being probed, and J 0 is a cylindrical Bessel Function of order zero [100, 105] . Note that the Dirac FF at Q 2 = 0 and the anomalous magnetic moment can be rederived from the transverse charge and magnetization densities 2π dρ ρρ ch = F 1 (0),
either for the nucleon or for each individual flavor. The anomalous magnetization density in the transverse plane [105, 106] is defined as
where ρ 2 (b) is related to the Pauli FF in the same way as ρ ch (b) to the Dirac FF:
We first examine the profiles of the transverse charge densities inside an unpolarized nucleon, as shown in Fig. 10 . In the left-upper panel of Fig. 10 , the transverse charge density inside a proton becomes larger, which indicates that the relativistic effects enhance the density in the center of the proton while lessen the outer part. This can be understood from the results of the Dirac FFs in Fig. 7 and also from Eq. (31) . When the relativistic effects are taken into account, the Dirac FFs fall off more slowly than those without these effects. It implies that the size of the proton becomes smaller due to the relativistic effects. Thus, the transverse charge density in the core of the proton is enhanced, which results in its decrease in the outer part, because the density is constrained by the proton charge as shown in Eq. (47) . The transverse charge density inside the neutron exhibits a similar feature (see the left-lower panel of Fig. 10 ). The inset of the left-lower panel designates the quantity b ρ(b), in which we can clearly see that the negative charge is located in the center of the neutron, which is in agreement with that of Ref. [100] . The upper-right and lower-right panels of Fig. 10 illustrate the charge densities in the transverse plane for the proton and the neutron, respectively. Without the polarization of the nucleon, they are distributed in the transverse plane in a spherically symmetric way. In Fig. 11 , the transverse magnetization densities inside both the proton and the neutron are drawn. We find similar features like the transverse charge ones, that is, the densities are likely to be squeezed into the center of the nucleon when the relativistic effects are turned on.
The transverse charge and magnetization densities for each flavor are presented in Fig. 12 . We find similar behaviors to the case of the transverse charge and magnetization densities inside a proton (see Figs. 10 and 11) . However, the relativistic effects are more clearly seen in the transverse charge densities for the up quark than for the down quark. Those for the strange quark show interesting features. While they are found to be positive in the inner region, they become negative as b increases. In Fig. 13 , the transverse magnetization densities are depicted for each flavor. Again, the relativistic effects in general tend to push the densities towards the center of the nucleon. Note that the down quark inside a nucleon is more magnetized than the up quark but was directed opposite to the up quark, which results in the negative larger value of the anomalous magnetic moment for the down quark than for the up quark (see Eqs. (43, 44) ). The transverse magnetization densities are designated in the right panel. They look very different from those for the up and down quarks: In the inner part of the nucleon, the strange quark is negatively magnetized. As b increases, the strange magnetization density turns positive. As a result, the strange anomalous magnetic moment turns out to be small but positive: κ s = 0.10 (see Eq. (43)).
When the nucleon is transversely polarized in the xy plane, which can be described by the transverse spin operator of the nucleon S ⊥ = cos φ Sêx + sin φ Sêy , The transverse charge density inside a transversely polarized nucleon is expressed as [101] 
where ρ m (b) is given in Eq. (48) . The position vector b from the center of the nucleon in the transverse plane is denoted by b = b(cos φ bêx + sin φ bêy ). The x axis is taken as the polarization direction of the nucleon, i.e. φ S = 0.
In the left panel of Fig. 14 , we plot the transverse charge densities inside a transversely polarized proton. It is shown that the charge density for the transversely polarized proton is distorted in the negative y direction. As discussed in Refs. [98, 101] , the transverse polarization of the nucleon in the x axis induces the electric dipole moment along the negative y direction, which is a well-known relativistic effect. In the case of the neutron, the situation is even more dramatic. As shown in Fig. 10 , the negative charge is located in the center of the neutron, whereas the positive charge is surrounded. However, when the neutron is transversely polarized along the x axis, the negative charge is shifted to the negative y direction but the positive one is moved to the positive y direction. This is due to the fact that the neutron anomalous magnetic moment is negative, which yields an induced electric dipole moment along the positive y axis, as pointed out by Ref. [101] .
It is very instructive to examine the charge densities inside the transversely polarized nucleon for each flavor, since they reveal the inner structure of the nucleon more in detail. Figure 15 illustrates them. The up transverse charge density inside the transversely polarized nucleon is shown to be shifted to the negative direction, while that for the down quark is more distorted upwards. It is natural, since the up and down quarks have positive and negative charges, respectively. However, it is remarkable to see that the down quark is influenced more strongly due to the transverse polarization of the nucleon. The charge density inside the transversely polarized nucleon for the strange quark is even more interesting. As discussed previously, the strange anomalous magnetic moment is κ s = +0.10, which would induce the negative electric dipole moment along the negative b y . However, situation turns out to be more complicated. As shown in the right panel of Fig. 15 , the strange charge density is shifted to the positive b y and becomes even negative in the uppermost region. In order to understand this surprising result, we need to reexamine the transverse magnetization density for the strange quark, which has been presented in Fig. 13 . The strange magnetization density is negative in the inner part of the nucleon, it turns positive around b ≈ 0.7 fm. Thus, the electric dipole moment is induced along the positive y direction, while it becomes negative, as drawn in the right panel of Fig. 15 .
V. SUMMARY AND CONCLUSION
In the present work, we aimed at investigating the electromagnetic properties of the nucleon, based on the SU(2) and SU(3) chiral quark-soliton model with a symmetry-preserving quantization employed. We considered the rotational 1/N c corrections and the first-order m s corrections. Though the model is valid in lower energy regions (Q 2 < ∼ 1 GeV 2 ), we took into account the relativistic boost effects on the electromagnetic form factors of the nucleon so that we can describe the form factors for higher Q 2 . Figure 12 . Flavor-decomposed transverse charge densities inside a proton. The contours are drawn according to the color bars, which have different sizes. In the case of the strange charge density, the white contour corresponds to the minimum value of the density, which is negative.
We first presented the results of the model for the nucleon electromagnetic form factors normalized by the dipole form factor. We found that the proton electric form factor with relativistic corrections describes the experimental data very well, whereas the proton magnetic form factor is slightly overestimated. The neutron electric form factor with the relativistic effects is quite underestimated in comparison with the data, but that from the SU(2) model looks overestimated. Since the neutron form factor is known to be very sensitive to the soliton tail, one possibly understands why the SU(3) results are rather different from those in SU (2) . We then examined the ratios of the nucleon electric and magnetic form factors. It was found that the SU(3) results explained the general tendency of the experimental data for the proton but those of SU(2) turned out to be overestimated, as Q 2 increased. The results for the ratio of the neutron electric and magnetic form factors were compared with the data. In this case, the SU(2) model successfully describes the experimental data, while the SU(3) results are smaller than the data. A possible explanation about this discrepancy between the SU(2) and SU(3) results was given by the sensitivity of the neutron electric form factor to the soliton tail. We also studied the flavor decomposition of the nucleon electromagnetic form factors. We observed that the up magnetic and down electric form factors normalized by the dipole parametrization were well reproduced, with the relativistic effects taken into account. When we turned off them, the results were shown to deviate from the data as Q 2 increased. The up electric form factor obtained from the SU(3) model with the relativistic effects was yielded to be qualitatively similar to the data, whereas the down magnetic form factors departed from them. The strange electromagnetic form factors normalized by the dipole one were predicted. In general, the strange form factors with the relativistic effects turned out to be larger than those without them.
The Dirac and Pauli form factors were predicted to be asymptotically proportional to 1/Q 4 and 1/Q 6 respectively in perturbative QCD. Thus, Q 4 F p 1 (Q 2 ) and Q 6 F 2 (Q 2 ) were measured experimentally to examine their Q 2 dependence. We found that the present SU(2) model explained well Q 4 F 1 (Q 2 ) for both the proton and the neutron. The results for Q 6 F p,n 2 (Q 2 ) described the experimental data very well below Q 2 < ∼ 1 GeV 2 . As Q 2 increases, the results turn out to be overestimated. The ratio Having performed the two-dimensional Fourier transform of the nucleon electromagnetic form factors, we were able to produce the charge densities in the transverse plane inside a proton. We found that the relativistic effects enhanced the density in the center of the proton while diminished it as b increased. A similar tendency was observed Figure 13 . Flavor-decomposed transverse anomalous magnetic densities inside a proton. For the u quark the contour represents the maximum value of the density, while for the d quark it corresponds to the minimum of the density. In the case of the s quark, the dashed (inner) contour corresponds to the minimum of the density, the solid (middle) contour to the null density, and the dotted (outer) contour to the maximum of the density. The strange quark density is scaled by 5 in order to increase its readability.
in the transverse charge density inside a neutron. However, the negative charge was located in the center of the neutron while the positive one was distributed in outer part. The results of the transverse magnetization revealed similar features like the transverse charge ones: the densities were squeezed into the center of the nucleon when the relativistic effects were considered. We then decomposed the transverse charge and magnetization densities for each flavor. It was found that the flavor-decomposed transverse charge densities exhibited similar features to the case of the transverse charge and magnetization densities inside a proton. The relativistic effects were more clearly observed in the transverse charge densities for the up quark than for the down quark. Those for the strange quark were shown to be positive in the inner region and then become negative as b increases. On the other hand, the strange quark was found to be negatively magnetized in the inner part of the nucleon. As b increased, the magnetization of the strange quark changed to positive values. As a result, the strange anomalous magnetic moment turns out to be small but positive: κ s = +0.10.
When the proton was polarized along the positive x direction, its transverse charge density was shifted to the negative y direction, which indicated that the electric dipole moment was induced along the negative y direction. It is just a well-known relativistic effect. In the case of the neutron polarized along the x axis, the negative charge was moved to the negative y direction but the positive one was forced to the positive y axis. It implies that the neutron anomalous magnetic moment is negative, which induces an electric dipole moment along the positive y axis. We also decomposed the transverse charge densities inside the polarized nucleon for each flavor: the up transverse charge density for the nucleon transversely polarized along the positive x axis was found to be shifted to the negative direction, while that for the down quark was more distorted upwards. Since the up and down quarks have positive and negative charges, respectively, one can easily understand these features. However, the down quark was found to be affected more strongly due to the transverse polarization of the nucleon. The strange charge density inside the transversely polarized nucleon was shifted to the positive b y and turned out to be negative in the uppermost region. This unexpected behavior of the strange charge density for the transversely polarized nucleon was explained in terms of the strange magnetization density.
Since the transverse charge densities inside unpolarized and polarized nucleons pave the novel way for understanding the internal structure of the nucleon, it is interesting to investigate them for other baryons such as the ∆ isobar and hyperons. The transverse charge densities are directly connected to the generalized parton distributions of which the integrations over parton momentum fractions yield form factors and consequently the spatial distribution of partons in the transverse plane. Moreover, the transverse charge densities for transition form factors provide a new aspect of understanding the inner structure of the baryons. For example, as Ref. [101] already studied, they exhibit explicitly multipole structures of the transitions in the transverse plane. Thus, it is of great importance to examine the transverse charge densities for other baryons and for their transitions. Corresponding investigations are under way. 
